A new strategy of acid-catalysed reactions of indole methanols with a 3-aryl-4,6-dimethoxyindole-7-aldehyde leads to an efficient synthesis of a calix[3]indole with 2,2; 7,2; 7,7-links. A new calix [4] indole containing four indole units with 2,2; 7,2; 7,7; 2,7-links has also been prepared by this strategy.
Macrocycles containing pyrroles are well established in the field of supramolecular chemistry for the reason that the pyrrole NH groups readily form hydrogen bonds with guest molecules or on deprotonation the nitrogen atoms can bind to metal ions. [1] [2] [3] Two well-known systems are calix [4] pyrroles and porphyrins. 4, 5 However macrocycles containing indoles have not been widely studied in this context, despite the similar acidity of an indole NH group to that of a pyrrole. The expansion of the five-membered pyrrole ring system to the larger and more highly conjugated indole system creates new synthetic and structural possibilities with great potential for supramolecular chemistry. The synthesis of 3-substituted 4,6-dimethoxyindoles has enabled their enhanced activity at C2 and C7 to be investigated in a variety of ways. [6] [7] [8] [9] [10] [11] Acid-catalysed reactions of these indoles with aryl aldehydes have led to the formation of calix [3] indoles, presumably via intermediate indole methanols. 12 In principle, these calix [3] indoles can contain either three arylmethylene linkages between C2 and C7, or one such linkage between C2 and C2, C2 and C7, and C7 and C7 (see Figure 1 ). Both types have already been synthesised.
Figure 2
Possible structural frameworks of calix [4] indoles Both 3-substituted 4,6-dimethoxyindole-7-carbaldehydes and 4,6-dimethoxyindole-2-carbaldehydes can be prepared via the Vilsmeier-Haack formylation reaction. 13 Subsequent reduction of the formyl groups with sodium borohydride affords the simple indole C7-and C2-methanols, which can also undergo acid-catalysed cyclisation to calix [3] indoles. [14] [15] [16] [17] However, in this process, calix [4] indoles can also be generated, and show four methylene linkages between C2 and C7. There are four possible ways of linking four indoles through the C2 and C7 positions with four methylene links. These basic structures are shown in Figure 2 . We now report new, highly effective stepwise sequences for the synthesis of a calix [3] indole and the first example of a calix [4] indole with a 2,2; 7,2; 7,7; 2,7 set of methylene linkages. These stepwise sequences involve the monoindole 2,7-dimethanol 1 and the diindolyl 7,7′-dimethanol 2, which have been previously reported. 14 1 with two equivalents of the indole-7-aldehyde 3 in isopropanol containing p-toluenesulfonic acid gave the triindolyldimethane dialdehyde 4, 18 which precipitated from the reaction mixture and was obtained in 90% yield. Reduction of the dialdehyde 4 with sodium borohydride in a mixture of ethanol and tetrahydrofuran gave the dimethanol 5 in 98% yield. Treatment of this dimethanol 5 with p-toluenesulfonic acid in anhydrous dimethylsulfoxide generated the calix [3] indole 6 19 in 89% yield (Scheme 1). Compound 6 is a new example of this class of previously reported calixindoles. Its 1 H NMR spectrum showed proton resonances for six different methoxy groups at δ = 3.61, 3.62, 3.63, 3.64, 3.73, and 3.76 ppm, and three different methylene resonance singlets at δ = 3.93, 4.15, and 4.20 ppm. Similar treatment of the 7,7′-dimethanol 2 with two equivalents of the indole-7-carbaldehyde 3 in isopropanol containing p-toluenesulfonic acid gave the tetraindole dialdehyde 7 20 in 68% yield (Scheme 2). Reduction of dialdehyde 4 with sodium borohydride in a mixture of ethanol and tetrahydrofuran gave the dimethanol 8 in 98% yield. The calix [4] indole 9 21 was formed in 69% yield when the dimethanol 8 was treated with p-toluenesulfonic acid in anhydrous dimethyl sulfoxide briefly at room temperature.
The new calix [4] indole 9, and the first example of this type, was characterised fully and its NMR spectra were particularly revealing with regard to structural symmetry. Seven different methoxy proton resonances were observed at δ = 3.44, 3.53, 3.75, 3.80, 3.95, 3.99 and 4.01 ppm for the eight methoxy groups. There are three different methylene groups, the protons of which form AB doublets resonating at δ = 3.98, 3.99 and 4.16 ppm, and four different H5 protons at δ = 5.91, 6.26, 6.33 and 6.48 ppm.
Furthermore an X-ray crystal structure was obtained (see Figure 3 ), and showed a rigid cube-like structure, similar to that of a calix [4] indole with four 2,7-methylene links. 15 It is noteworthy that both types of calix [4] indoles pre- The cyclisation reactions of compound 5 to 6 and of compound 8 to 9 are typical of 4,6-dimethoxyindoles that are substituted at both C2 and C3 and bear a hydroxymethyl group at C7. This process involves a mildly acid-catalysed ipso-substitution in which the restoration of the indole aromaticity requires the loss of formaldehyde. A postulated mechanism, exemplified for the conversion of compound 8 to macrocycle 9, is shown in Scheme 3. Although the indole C5 position is unsubstituted, it is protected against electrophilic substitution by the adjacent methoxy groups, which are in turn buttressed by the C3 and C7 substituents. We have observed many examples of this remarkably effective and irreversible formaldehyde extrusion process for the formation of 7,7′-diindolylmethanes. The formation of compounds 6 and 9 demonstrate the effectiveness of this synthetic strategy for macrocyclisation reactions. In summary, this synthetic methodology has the capacity to generate calix [3] indoles containing one 2,2-, one 7,2-and one 7,7-link, and calix [4] indoles containing one 2,2-, one 7,7-, and two 7,2-links. Although all four substituents at C3 are the same in the case of compounds 6 and 9, there is the possibility to introduce two different substituents by this stepwise procedure. Furthermore, although the indole methanols 1 and 2 undergo ready reaction with 3-substituted 4,6-dimethoxyindoles, 14 linkages occur at both C2 and C7 and product mixtures result. The use of the 7-aldehyde 3 provides much cleaner and regiospecific linkage formation. 
